responsible for the destruction of grapes [5] . Powdery mildew is one of the most widespread and dangerous diseases, which can infect all volatile parts of a vine, including leaves, stems, infl orescence, and fruits [6] . Gray mold, caused by Botrytis cinerea, is the most destructive postharvest disease of grapes [7] , apples [8] , strawberries [9] , and peaches [10] . The main harmful effect of gray mold is reduction of the yield and quality of the harvested fruit. In the period of vegetation and fruiting, apple and pear trees are very vulnerable to attacks of the pathogens Venturia inaequalis and Venturia pirina, causing apple scab and pear scab, respectively [11] . In turn, peach leaf curl, caused by the fungus called Taphrina deformans, infects leaves and shoots of peaches and nectarines [12] .
To protect fruits against diverse fungal diseases, it is necessary to use plant protection products (p.p.p.) [13] .
Fungicides are chemicals designed against fungi, widely used in plant protection all over the world [14] , for better quality and safety. These chemicals are intensively used in protection of Polish fruits for many years. Currently, to protect fruit plants from fungal diseases, more than 80 fungicides are registered in Poland [15] . For example, azoxystrobin, kresoxim-methyl, trifl oxystrobin, and pyraclostrobin (strobilurin fungicides) are used to treat grape powdery mildew [16] . Phenylpyrrole (e.g., fl udioxonil), anilinopyrimidine (e.g., pyrimethanil) [17] , and carboxamide (e.g., boscalid fungicides) are used to control gray mold.
Despite their many merits such as better yields and quality, pesticides are one of the most toxic, stable, and mobile substances in the environment. They may penetrate the tissues of fruits and appear in the pulp and juice of fruits Benzophenone (Group 6) metrafenone 3, 4 Oxathiin ( Group 20) fl utolanil 3, 4 Carbamate ( [18] . Widespread use of pesticides from various chemical groups, characterized by different mechanisms, may pose a hazard to human health and the natural environment due to their toxicity, high persistence, and bioaccumulation [19] . Pesticide residues in fruits, depending on signifi cant properties of their active ingredients, may cause many adverse side effects, from allergies to chronic diseases and cancer [20] . The objective of this paper was to evaluate multiclass fungicide residues in Polish fruits in 2005-14 using spectrophotometric and chromatographic techniques (GC/ ECD/NPD, HPLC/DAD/FLD, LC/MS/MS) and health risk assessment. Because of fungicide toxicity, the results of this investigation show how important it is to control these pesticides, in particular, in fruit requiring frequent chemical treatment for fungal diseases, to guaranty food quality and consumer safety.
Materials and Methods

Samples
In the framework of the offi cial testing of residues of plant protection products conducted by the Ministry of Agriculture and Rural Development, in total 974 samples of fruits (nuts, berries, pome, and stone fruits) were analyzed at the Offi cial Laboratory of Pesticide Residue in Bialystok, Poland (53°139'N latitude and 23°159'E longitude). These samples were collected from May 2005 to November 2014 by the regional inspectors of plant protection and seed according to a predetermined schedule. Raw fruit samples were subjected to the analytical procedures described below.
Chemicals and Reagents
All reagents were analytical grade. Fungicides (77 active substances) were obtained from Dr. Ehrenstorfer Laboratory (Germany). Standard stock solutions (purity for all standards >95%) of various concentrations were prepared in acetone and stored in dark glass bottles below 4ºC.
Pesticides (Table 1) belonging to fungicides from various groups in terms of chemical structure, e.g., anilinopyrimidine, benzimidazole, carboxamide, dicarboximide, phthalimide, strobilurin, sulphamide, triazole, and carbamate (31 groups), were analyzed.
Analytical Procedure
We used four methods for sample preparation as described in our earlier work [21] [22] : two multi-residue methods (MRM) and two single residue methods (SRM) (Fig. 1) .
Single Residue Method:
-Isolation and determination of dithiocarbamates (DTC) using spectrophotometry.
Dithiocarbamate residues were determined as a group (mancozeb, maneb, methiram, propineb, thiram, ziram) by a spectrophotometric method and expressed as carbon disulphide. Fifty grams of sample with 60 mL of hydrochloric acid (4 M) and tin (II) chloride (0.13 M) was heated for 45 minutes (temperature about 80ºC) to release carbon disulphide from dithiocarbamates to obtain pH between 11-12. Carbon disulphide was separated and collected in a methanolic solution of potassium hydroxide, forming potassium xantogenate, which was next heated with zinc acetate to obtain zinc sulfi de. Finally, the quantity of the formed complex (fi nal volume 25 mL) was estimated and the absorbance at a wavelength of 662 nm on a spectrophotometer was measured (Helios Delta VIS and Nidet Evolution 220 LC).
-Isolation and determination of carbendazim residues using high-performance liquid chromatography (HPLC).
A representative sample of 20 g of 150 mL acetone was homogenized for 5 min. Then 2.5 g of celite was added and fi ltered through a Buchner funnel. The fi nal fi ltrate was evaporated in a rotary evaporator, leaving about 20 mL. Then this solution was applied to a ChemElut cartridge containing diatomaceous earth. After 25 min of equilibration, the pesticides were eluted with dichloromethane. The organic solvent was evaporated to dryness using a rotary vacuum evaporator at 40°C and dissolved in a 2 mL volume of a mixture of acetonitrile/ water (2:8, v/v). The extracts were analyzed with liquid chromatography (Waters Alliance 2695 chromatograph) with simultaneous use of a diode array detector (Waters 2996) at 285 nm and fl uorescence detector (Waters 2475) (λ ex = 285 nm, λ em = 315 nm). The external standard method was used, by applying 100 μL of standard solution on the column (Supelcosil LC-18, 5 μm, 250 × 4.6 mm). The mobile phase was acetonitrile-phosphate buffer pH = 8, delivered at a fl ow rate of 0.8 ml/min, with a gradient composition consisting of 20% (v/v) acetonitrile for 2 min, a linear increase over 13 min to 50% acetonitrile, then an increase to 80% acetonitrile over 5 min, and fi nally a decrease at 20% acetonitrile over 5 min.
Multi-residue methods:
-Isolation and determination of fungicide residues using matrix solid phase disepersion (MSPD) and gas chromatography with a dual detection system (GC/ ECD/NPD). Two grams of homogenized sample was put in a mortar and manually blended with 4 g of solid support using a pestle to obtain a homogeneous mixture, and then quantitatively transferred with a spatula to a glass macro column packed with anhydrous sodium sulfate (5.0 g) and silica gel (2.5 g). Depending on the commodity, either silica gel (strawberries, raspberries, plums, grapes, peaches) or fl orisil (apples, currants, gooseberries, blueberries, sour cherries, sweet cherries, pears) was used. The analytes were eluted using 15 mL hexane/acetone (8:2, v/v) and 15 mL hexane/diethyl ether/acetone (1:2:2, v/v/v). The extract was evaporated to dryness using a rotary vacuum evaporator at about 40ºC. Then the eluate was re-dissolved using 2 mL of hexane/acetone (9:1, v/v). The fruit samples by an Agilent (Waldbronn, Germany) model 7890A gas chromatograph equipped with EC and NP detectors were analyzed. A capillary column HP-5 (5 %-phenylmethylpolysiloxane) (30 m × 0.32 mm, 0.5 μm fi lm thickness) and for confi rmation of residues a mid-polarity column HP-35 ((35 %-Phenyl)-methylpolysiloxane (30 m × 0.32 mm, 0.5 μm fi lm thickness) were used. The injector and detectors temperature were set at 210 and 300ºC, respectively. The oven temperature was programmed as follows: 120 to 190ºC at a rate of 16ºC min -1 , increased to 230ºC at 8ºC min -1 , and then to 285ºC at 18ºC min -1 , for 18 min. Helium (purity 5.0) was used as a carrier gas at a fl ow rate of 3.0 ml min -1 . Nitrogen (purity 5.0) as a makeup gas was used for EC, and NP detectors were set at 57 and 8 ml min -1 , respectively. The air (purity 5.0) and hydrogen (purity 5.0) (for NPD) gas fl ows were set at 60 and 3 mL min -1 , respectively. Two mL of the extracted sample solution was injected.
-Isolation and determination of fungicide residues using QuEChERS and liquid chromatography (LC-MS/MS). Ten grams of homogenized fruit sample were weighted in a 50 mL polypropylene centrifuge tube. The sample was extracted with 10 mL of acetonitrile and shaken vigorously 4 . Depending on the commodity, either 25 mg PSA (gooseberries, sweet cherries, pears, apples, plums, strawberries, grapes) or 25 mg PSA and 2.5 g GBC (raspberries, blueberries, blueberries) was used. The tubes were vortexed for 1 min and centrifuged at 4,500 rpm for 10 min. One ml of the fi nal extract was fi ltered through a 0.2 m hydrophilic PTFE fi lter, transferred into the appropriately labeled autosampler vial, and subsequently analyzed via LC-MS/MS. An Eksigent Ultra LC-100 (Eksigent Technologies, Dublin, CA, USA) liquid chromatography system operated at a fl ow rate of 0.45 ml min -1 without split using a SunFire C 18 3.5 μm, 2.1 x 100 mm (Waters) analytical column, maintained at 50ºC during the experiments. The volume injected into the LC-MS/MS system was 10 μL. The binary mobile phase consisted of water with 0.5% formic acid and 5mM ammonium formate (phase A) and methanol with 0.5% formic acid and 5 mM ammonium formate (phase B). The initial composition of 95% A and 5% B (v/v) was held for 2.0 min., followed by linear ramping to 95% of B in 8 min. and was held for 7 min. After ramping, the mobile phase returned to the initial composition in 2 minutes. The total chromatographic run time was 25.0 min. System MS/MS 6,500 QTRAP (AB Sciex Instruments, Foster City, CA) was used for mass spectrometric analysis, equipped with an electrospray ionization source (ESI). The capillary voltage was maintained at 4,500V for positive ion mode and the temperature of the turbo heaters was set at 450ºC. For the nebulizer gas (GS1), auxiliary gas (GS2), and curtain gas (CUR), nitrogen was used at a pressure of 65, 45, and 35 psi, respectively. For the nebulizer and collision gases a nitrogen was used. Optimization of the compounds was performed by injecting individual standard solutions directly into the source (fl ow injection analysis methods, or FIA) ( Table 2 ).
Validation of Methods
Validation of the analytical methods was carried out in accordance with European Commission (EC) guidelines. The validation studies were performed using pesticidefree fruit samples. Calibration standards were prepared in the fruit matrix solution to produce a fi nal concentration of spiking concentrations: - The accuracy and precision of the method were evaluated by performing recovery studies and expressed as relative standard deviation (RSD, %) and mean recovery, respectively. Repeatability was calculated for fi ve days using fi ve replicates for each level of three different concentration levels.
Quality Check
The laboratory participates in international profi ciency tests organised by the Food Analysis Performance Assessment Scheme (FAPAS; Central Science Laboratory in York) and by the European Commission (University of Almeria) every year, and achieves correct results. All of the analyses were conducted using accredited methods by the Polish Centre of Accreditation (PCA) in compliance with PN-EN ISO/IEC 17 025.
Risk Assessment
The health risk estimation through a comparison of detected fungicide residues with the established Acceptable Daily Intake (ADI) or Acute Reference Dose (ARfD) was calculated. The level of residue concentration in a product was determined as the arithmetic mean of all the results obtained. In the case of results under the limit of detection (LOD) of analytical methods for intake calculations, LOD values were taken. The long-or short-term dietary consumer exposure to pesticide residues was estimated using an EFSA calculation model: Pesticide Residue Intake Model "PRIMo" revision 2. This model is based on national food consumption and unit weights implementing internationally agreed risk assessment methodologies to assess the exposure of consumers, accepting consumption at the level of the 97.5 percentile [23] . Additionally, longterm risk assessment comparing the pesticide toxicological data for groups: cluster E, adults and children, and the Polish general population by calculating the hazard quotient (HQ) was performed. Its value was estimated by dividing the international estimated daily intake with the relevant acceptable daily intake, which was considered to be safe levels of exposure over a lifetime.
Short-Term Risk
Short-term risk was estimated by comparing single intake of the highest detected residue of plant protection products (HR_P) full portion consumption data for the commodity unit (F) to a set volume ARfD (Acute Reference Dose). The estimated short-term intake (ESTI) was calculated according to the following formula [24] : ESTI = (F × HR_P) / mean_body_weight
Long-Term Risk
The acceptable daily intake (ADI) is the estimated amount of a substance in food, expressed on a body weight basis, that can be ingested daily over a lifetime without appreciable chronic, long-term risk to any consumer. The estimated daily intake (EDI) was calculated according to the following formula, where Fi is food-consumption data and RLi is residue level in the commodity:
The long-term risk was assessed by calculating the hazard quotient (HQ) by dividing the estimated daily intake by the relevant acceptable daily intake: HQ = (EDI/ADI) × 100%
Results and Discussion
Analytical Methods and Validation Parameters
Four methods were used in sample preparation (Fig. 1) . Procedure one of two multi-residue methods (MRM) for determination of 73 compounds using gas chromatography with selective detectors: electron capture (EC) and nitorgen phopsphorous (NP) is described [25] . Two single residue method (SRM) for determination of carbendazime using liquid chromatography and dithitocarbamates by spectrophotometric (described in our earlier published work [22, 26] ) were used. LC/MS/MS for determining 66 compounds was performed and validation parameters are presented in Table 3 . In 2014 the carbendazime was included in the MRM method and analysed by LC/MS/ MS.
The preparation and analytical methods for fungicide residues in fruit sample were validated in terms of linearity and limits of detection respectively. The limit of quantifi cation (LOQ) and the limit of detection (LOD) were calculated using signal-to-noise ratios (S/N) of 10:1 and 3:1 for the pesticide, respectively. The LOQs ranged from 0.02 to 0.05 mg/kg (for spectrophotometric), 0.01 to 0.04 mg/ kg (for HPLC), 0.001 to 0.009 mg/kg (for GC), and 0.005 to 0.009 mg/kg (for LC-MS/MS). LODs for all pesticides analyzed were lower than the respective maximum residue levels (MRLs) established by the European regulation for fruits. Linearity was evaluated by the calculation of a fi vepoint linear plot with three replicates, based on linear regression and correlation coeffi cient (R 2 ). All pesticides showed linearity in the concentration range 0.03-5.0 mg/kg (for spectrophotometric), 0.02-2.0 mg/kg (for HPLC), 0.003-5.0 mg/kg (for GC), and 0.002-1.00 mg/ kg (for LC-MS/MS) with correlation coeffi cients higher than 0.99553. Mean recoveries for fruit samples spiked at three fortifi cation levels ranged from 71.07 to 119.90% with exceptions of bupirimate, dimethomorph (40-70%) and triadimenol (121%), with RSDs of 0.9-9.4% for a period of fi ve days. However, the range of 60-140% can be used in routine multiresidue analysis [27] [28] . These results indicated that the validation parameters were good, and consequently that fungicides were satisfactorily determined using these methods.
These results suggest that the sample preparation procedures and various methods of instrumental analysis are suitable for the analysis of the wide-ranging group of fungicide residues in fruit samples.
Trends Over the Last 10 Years of Fungicide
Residues in Fruits (Fig. 2) . The percentage of samples in which exceedances of the maximum residue levels (MRLs) of (Fig. 3 , Table 1 ). The characteristics of the detected fungicide groups in this study are as follows. On the other hand, detection of substances from this group has increased over the last two years. Triazole fungicides are recognized as carcinogens and mutagens that can weaken the immune system (cancer-causing, reproductive disorders, endocrine disorders, and neurotoxic). Group 3, anilinopyrimidine fungicides: In 2005-14, anilinopyrimidines were detected. The anilinopyrimidine fungicides registered on fruits include cyprodinil, pyrimethanil, and mepanipyrim. The main mode of action of these substances consists in blocking the synthesis of amino acids. This inhibits fungal growth both inside and outside the leaf.
The Most Frequently Detected
Active Substances
The most commonly detected pesticides were: dithiocarbamates (212 samples), captan (204 samples), pyrimethanil and boscalid (42 samples), cyprodinil (38 samples), tolylfl uanid (34 samples), fl usilazole (33 samples), difenoconazole (27 samples), trifl oxystrobin and fl udioxonil (22 samples), fenhexamid and fenarimol (16 samples), iprodione (14 samples), procymidone (12 samples), tebuconazole and folpet (11 samples), bupirimate (six samples), pyraclostrobin (fi ve samples), and carbendazim (three samples). Bitertanol in two samples and cyproconazole, propiconazole, and azoxystrobin only in one sample each were detected (Table 4) .
Ditihocarbamates (carbamate, group 7) belonging to the most widespread active substances in the world, occurred the most frequently in apple and currant samples in this investigation. Overall, DTC fungicides found in this study were similar to those found in other studies from other countries (apples, pears, grapes) [30] . The level of DTC in samples ranged from 0.05 to 2.74 mg/kg. The levels were lower than the level of dithiocarbamates found in fruit and vegetable samples from southeastern Poland (3.24 mg/kg) [31] . Although dithiocarbamates were present in 212 samples (21.7% of all tested samples), any sample with levels above the MRL was noted.
Captan belonging to the phthalimide class (group 22), was identifi ed in 204 samples of peaches, apples, pears, and sweet and sour cherries. Boscalid belonging to the class of carboxamide (group 8), was identifi ed in 42 samples of strawberries, currants, gooseberries, apples, blueberries, pears, and sweet and sour cherries. The highest concentrations were noted for boscalid and captan, ranging from 2.83 mg/kg (for cherry samples) to 3.31 mg/kg (for currant samples). The highest concentration for boscalid was observed in grapes from Turkey (1.68 mg/kg) [32] .
Some pesticide concentrations exceeded their MRLs, such as fl usilazole (seven samples), pyrimethanil (three samples), procymidone (three samples), cyprodinil (two samples), difenoconazole (two samples), and cyproconazole, propiconazole, tolylfl uanid (in one sample each). More details are presented in Table 4 .
Results showed the detection of different triazole fungicides in fruit samples. Difenoconazole and fl usilazole indicated the highest concentration of 0.43 mg/kg and 0.29 mg/kg in currant, tebuconazole with a concentration of 0.29 mg/kg in plum, bitertanol with a concentration of 0.10 mg/kg in sour cherry, propiconazole and cyproconazole with a concentration of 0.14 mg/kg and 0.09 mg/kg in gooseberry. Flusilazole is broad-spectrum fungicide used to control fungal diseases in cereals, fruits, vegetables, and nuts [25] . The level of fl usilazole in samples ranged from 0.01 to 0.29 mg/kg, with six samples having levels above the MRL (0.20 mg/kg). This fungicide is moderately toxic to humans (class II) [33] . On the other hand, difenoconazole was identifi ed in 27 samples of currants, gooseberries, and sour cherries. The level of difenoconazole in samples ranged from 0.02 to 0.43 mg/kg, with two samples having levels above the MRL (0.30 mg/kg). The World Health Organization [33] has classifi ed difenocnazole as moderately toxic to humans (class II). The reported difenoconazole level was higher than its level in samples from Turkey (0.01-0.03 mg/kg) [32] . Accordingly, monitoring fl usilazole and difenoconazole levels in fruits is important for human health.
During 10 years of testing, only 1.7% of fruit samples had residues exceeding MRL. In Brazil, 3% among the 160 vegetable samples analyzed in 2001-10 had residues exceeding MRL [34] . Zicarii et al. [35] reported that 3.2% among the 6,947 samples from Italy had residues above MRL. In turn, 8.4% of the 724 fruit and vegetable samples imported from South America to Denmark, Estonia, Finland, Norway, and Sweden had residues above the MRL [36] .
Occurrence of Fungicide Residues in a Particular
Group of Fruits
Berries and small fruits were the type of fruit where the residues of fungicides were the most frequently detected. Moreover, in the case of this type of fruit, among 320 analyzed samples, 12 (3.8%) showed values above MRLs. The most frequently identifi ed was dithiocarbamates in currants. Results obtained by other authors [37] [38] show that berries (e.g., currants) more frequently contain pesticide residues than other fruits. In turn, the most frequently detected fungicide in pome fruits and stone fruits was captain, which was found in cherry and apple samples.
The percentage of contaminated samples was high (above 50%) for three different fruits: currants (68.5%), apples (63.3%), and sour cherries (54.6%). Percentages of contaminated samples below 48% had strawberries (47.4%) and pears (47.7%). Currants and apples had fungicides detected in nine consecutive years, with the exception of the years 2011 and 2012.
Single and Multiple Fungicide Residues Detected in Samples
Of the 935 samples, 32.1% contained only one substance and 22% contained between two and fi ve substances. The multi-residue samples are shown in Fig. 4 .
Gooseberries had the highest number of samples with multiple residues (80.0% of positive gooseberry samples), followed by strawberries (50.0%), apples (45.9%), and currants (41.4%), which was in accordance with a study conducted by Sadło et al. [39] [40] . Dithiocarbamates and captan were the substances most often found in the multiresidue samples.
Risk Assessment
Humans are acute and chronically exposed to pesticide residues in food. These compounds can be harmful to humans even at very small concentrations. In the case of safety evaluations of pesticide residue for food intake, ARfD and ADI are the standards for risk assessment and they are basing on the acute and chronic toxicity of pesticides for humans. Exposure estimation was conducted on the results of monitoring fungicide residue detected in fruit samples in order to determine the shortand long-term risks. Table 5a shows the results of the evaluation of the acute health risks of exposure of children and adults. Table 5b shows the long-term risk calculated additionally for Polish consumers and WHO cluster diet E (Austria, Belgium, Croatia, Czech Republic, Denmark, France, Germany, Hungary, Ireland, Luxemburg, Malta, Netherlands, Slovakia, Slovenia, Switzerland, United Kingdom, Northern Ireland, and Poland) related to fruit consumption containing fungicide residues. If the results of such analytes exceed 100%, there is a potential risk to consumers.
Short-Term Risk
In the case of residues exceeding MRL, informative notifi cations were sent under the Rapid Alert System for Food and Feed (RASFF). Short-term exposure was calculated for pesticides exceeding MRLs and is shown in Table 5a . In the case of fruit consumption from northeastern Poland, short-term exposure didn't exceed 25% for the group of toddlers and 5% for the adults. The highest values of short-term exposure for the children were connected with the presence of cyprodinil in apples (21.6% ARfD) and procymidone in currants (17.1% ARfD), and was 4.5% and 7.5% ARfD for the adults, respectively. The results for the short-term risk assessments should be considered good.
Long-Term Risk
The percent ratios of EDI to ADI of 23 pesticides were very low -0.01% for azoxystrobine, fenhexamide, fenarimol, and fl udioxonil (adults), and up to 30.27% Fig. 4 . Frequency of occurrence of samples without residues, with one residue, and with multi-residue in fruits. for procymidone and 31.29% for fl usilazole for toddlers, calculated on the 97.5 percentile.
Conclusions
The sample preparation techniques such as MSPD and QuEChERS combined with spectrophotometric and chromatographic (GC/ECD/NPD, HPLC/DAD/FLD, and LC/ MS/MS) methods were found to be suitable for the control of 77 fungicides in several fruits at concentrations lower than their established MRLs. The quantifi cation with calibration curves made with spiked blank matrices was performed to completely remove any matrix effect. The methods were applied for 974 of fruit samples collected in Poland in the last 10 years . Fungicide residues were found in 52.0% of the samples, with 50.2% samples containing pesticide residues below the maximum residue levels (MRLs), and 1.7% of tested samples exceeding MRLs. The percentage of contaminated samples was high (above 50%) for three different fruits: currants (68.5%), apples (63.3%), and sour cherries (54.6%). The present study shows that although fruits from northeastern Poland contained many fungicide residues, their consumption did not pose a danger to adult and child health.
The diversity of uses and the wide availability of fungicides causes their residues to reach the environment in an uncontrolled manner, and the human population is exposed to these substances. Therefore, monitoring pesticides in fruits is necessary in order to assess potential health risks and to improve the maximum residue limits (MRLs) for safe human consumption. 
